Animal nutrition is profoundly influenced by the gut microbiota, but knowledge of the scope and core mechanisms of the underlying animal-microbiota interactions is fragmentary. To investigate the nutritional traits shaped by the gut microbiota of Drosophila, we determined the microbiota-dependent response of multiple metabolic and performance indices to systematically varied diet composition. Diet-dependent differences between Drosophila bearing its unmanipulated microbiota (conventional flies) and experimentally deprived of its microbiota (axenic flies) revealed evidence for: microbial sparing of dietary B vitamins, especially riboflavin, on lowyeast diets; microbial promotion of protein nutrition, particularly in females; and microbiota-mediated suppression of lipid/carbohydrate storage, especially on high sugar diets. The microbiota also sets the relationship between energy storage and body mass, indicative of microbial modulation of the host signaling networks that coordinate metabolism with body size. This analysis identifies the multiple impacts of the microbiota on the metabolism of Drosophila, and demonstrates that the significance of these different interactions varies with diet composition and host sex.
INTRODUCTION
The resident gut microbiota plays a pivotal role in animal nutrition (Flint et al., 2012; Karasov and Douglas, 2013) . These microorganisms engage with animal acquisition and allocation of nutrients, the two key processes that shape the nutrition of an animal, in multiple ways. They can consume ingested nutrients or provide supplementary nutrients to the host; they can alter feeding and nutrient assimilation rates; and they can modify nutrient allocation patterns of the host by modulating the nutrient-sensing and -signaling pathways of the animal host (Bäckhed et al., 2004; Caricilli and Saad, 2013; Goodman et al., 2009; Vijay-Kumar et al., 2010) . Multiple studies indicate that the resident microorganisms generally promote animal nutrition, although the nutritional benefit can vary with diet, composition of the microbiota and animal genotype (Benson et al., 2010; Kau et al., 2011; Parks et al., 2013; Smith et al., 2013) . Mismatch between the microbiota and animal results in poor host health, a condition known as dysbiosis (Nicholson et al., 2012; Stecher et al., 2013) .
Much of current understanding of the nutritional significance of the microbiota in animals comes from comparisons between untreated animals bearing the microbiota (conventional animals) and animals deprived of their microbiota (germ-free/axenic animals) (Gordon and Pesti, 1971; Smith et al., 2007; Yi and Li, 2012) . Most of these studies are conducted on a single diet, or a few diets in which either a single nutritional component or total nutrient concentration is altered. However, inclusive information on the nutritional significance of microorganisms to their animal host can only be obtained from comparative analyses using diets of systematically varied composition. For example, disproportionately low performance of axenic animals, relative to conventional animals, on certain diets can be attributed to microbial production of nutrients that are deficient in the diet and/or microbial consumption of dietary nutrients in excess; and the performance of axenic animals can be superior to that of conventional animals where the microbiota depresses host access to nutrients in short dietary supply. Parallel analysis of the host metabolic composition, especially major classes of macronutrients (protein, lipid, etc.) , provides additional insight into the impact of the microbiota on the nutrient allocation patterns of the host.
This study on the microbiota-dependent response of animals to diet was conducted on Drosophila melanogaster, which is well suited to large experimental designs involving extensive dietary manipulations. The gut microbiota, which is dominated by members of the Acetobacteraceae and Lactobacillales (Chandler et al., 2011; Wong et al., 2011; Wong et al., 2013) , has substantive effects on Drosophila (Broderick and Lemaitre, 2012; Erkosar et al., 2013) . Axenic Drosophila display extended larval development time and, in some studies, depressed adult mass and total lifespan (Bakula, 1969; Brummel et al., 2004; Ren et al., 2007; Ridley et al., 2012; Shin et al., 2011; Storelli et al., 2011) . Elimination or perturbation of the microbiota can also result in altered metabolic indices, including elevated lipid and carbohydrate levels, together with reduced basal metabolic rates (Ridley et al., 2012; Shin et al., 2011) . Furthermore, there is evidence that the Drosophila nutrient signaling pathways, especially insulin/TOR signaling, are sensitive to the microbiota, but the mechanistic detail is uncertain (Shin et al., 2011; Storelli et al., 2011) .
The specific aim of this study was to determine the complement of nutritional interactions between Drosophila melanogaster and its microbiota by comparing the performance and metabolic indices of conventional and axenic flies on diets of systematically varied composition. Our analysis reveals that the microbiota enables Drosophila to utilize low-nutrient/unbalanced diets by sparing the requirement for dietary B vitamins, promotes protein nutrition, and suppresses energy (lipid/carbohydrate) storage, especially on high sugar diets.
RESULTS

Drosophila performance
The first experiments quantified the survival and development time to adulthood of axenic and conventional Drosophila on 16 diets containing glucose and yeast, both at concentrations systematically varied over an eightfold range (25-200 g l −1 ). Pre-adult mortality of conventional Drosophila was ≤35% on all 16 diets, but axenic Drosophila displayed high mortality on diets of low yeast/high glucose content, all dying as larvae on the diet containing 25 g yeast and 200 g glucose l −1 (Fig. 1 ). The critical dietary determinant of development time for axenic and conventional flies was yeast:glucose ratio (P<0.0001), but the strength of this effect was reduced in conventional flies relative to axenic flies (P=0.03) (supplementary material Table S1A ). We investigated the basis of the mortality of axenic Drosophila on the diet containing 25 g yeast and 200 g glucose l −1 . We hypothesized that the microbiota may spare the Drosophila requirement for certain yeast constituents, particularly protein and B vitamins, which are especially important for Drosophila development (Blatch et al., 2010; Sang, 1962) . Fig. 2A shows that the conventional and axenic Drosophila responded differently to the dietary supplements of casein protein and B vitamins. In four replicate trials, all the axenic Drosophila died before pupation on the diets with no supplement or with casein supplement, but 59±4.4% (mean ± s.e.) of the axenic Drosophila on the B vitamin supplemented diet survived to pupae. For the conventional treatment, >50% of the Drosophila developed to pupation on the three test diets, and the development time of conventional Drosophila was significantly accelerated from a median of 15 days on the diet without supplement to 13 days on the casein-supplemented diet (Mann-Whitney U: P<0.05) but not the vitamin-supplemented diet.
To identify the specific dietary B vitamin(s) that promoted survival of axenic Drosophila to pupation, the Drosophila were reared on diets with the vitamin supplement from which each B vitamin was individually omitted (Fig. 2B ,C). The proportion of individuals surviving to pupation varied significantly with diet for axenic Drosophila (Kruskall-Wallis: H 8 =19.46, P=0.013) but not conventional Drosophila (H 8 =15.41, P>0.05). Post hoc analysis revealed that survival of axenic Drosophila was significantly depressed on two diets, relative to the diet with all B vitamins: the diet with no vitamin supplement and the diet lacking riboflavin (P<0.05). These data suggest that the microbiota spares the requirement of conventional Drosophila for dietary riboflavin.
Nutritional indices of Drosophila
Overall, the adult body masses of conventional and axenic Drosophila were comparable ( Fig. 3A ), but the two sexes differed in their response to diet composition (supplementary material Table S1B ). For females, dietary yeast promoted the mass of axenic flies more than that of conventional flies. The mass of males was more robust to variation in diet composition, but axenic males on low yeast diets were generally small.
The impact of eliminating the microbiota on protein content differed between the two sexes ( Fig. 3B ; supplementary material Table S1B ). For females, protein content varied significantly with dietary yeast and was significantly reduced in axenic flies, on average by 7% relative to conventional flies, but the depressed protein content of axenic males was evident only on high glucose diets. These data suggest that the microbiota spares the demand of adult Drosophila for dietary protein, with the microbiota effect more pervasive across the diets in females than in males.
The four indices of energy storage ( Fig. 3C -F) were positively correlated, with broadly similar results in the univariate analyses (supplementary material Table S1B), and so they were grouped together in a multivariate analysis (Table 1) , which provides an aggregate measure of energy metabolism. For both sexes, energy storage was significantly elevated by elimination of the microbiota and high dietary glucose. For males, no interaction between microbiota and diet was evident, but for females the effect of the microbiota on energy storage was shaped by the interaction between dietary glucose and yeast.
We hypothesized that the elevated energy storage in axenic flies was linked to higher feeding rates. Contrary to expectation, axenic flies consumed significantly less food than conventional flies (supplementary material Table S1B), on average reduced by 30% in males and 48% in females in feeding trials of 30 min duration ( Fig. 4A ). Food consumption also varied with diet composition, with flies generally displaying increased food intake on diets of intermediate and low glucose content, as reported previously (Lee et al., 2008) . In complementary feeding trials conducted over 48 h, mean food consumption was reduced in axenic flies, relative to conventional flies, and the effect was significant for females ( Fig. 4B ), demonstrating that the reduced feeding by axenic flies in the 30 min trials was not compensated by an extended duration of feeding over the daily cycle. We concluded that the increased energy storage in axenic flies could not be attributed to hyperphagia.
The interactive effects of diet and microbiota on Drosophila nutrition were investigated further by two sets of principal components analysis (PCA). The first PCA focused on energy storage. These indices covaried with mass in conventional flies, but the relationship was reversed in axenic flies ( Fig. 5A-D) . This difference arises from the greater responsiveness of the mass of axenic flies compared with the mass of conventional flies to dietary yeast, and of their energy storage to dietary glucose, with the result that diets of low yeast/high glucose content yielded small axenic flies with disproportionately high energy storage.
In the second analysis, the average values of all measured traits in conventional and axenic flies were compressed by PCA to investigate the global patterns in performance and nutritional responses to diet ( Fig. 5E-H ). Here, PC1 was strongly positively loaded by development time and energy storage, and negatively loaded by yeast ingested, for both sexes; and the PC1 values for the 15 diets were significantly negatively related to dietary yeast:glucose ratio, with elevated intercepts for axenic flies relative to conventional flies (see Fig. 5F ,H). The relationship was robust to removal of yeast and glucose ingestion from the PCA (data not shown), indicating that it is not an artefact of autocorrelation between dietary nutrient content and amount of food ingested. This analysis reveals that the microbiota interacts with diets of high yeast:glucose content, to favor rapid host development at the expense of deposition of energy reserves.
DISCUSSION
It is widely recognized that the relationship between animals and their gut microbiota involves multiple interactions that vary with composition of the microbiota, host genotype and environmental factors, especially diet (Faith et al., 2011; Human Microbiome Project Consortium, 2012; Kau et al., 2011; Turnbaugh et al., 2009 ). This study focused on the consequences of these interactions for host nutrition, by investigating the combined effects of diet and elimination of the microbiota on the performance and nutrient allocation of Drosophila. A key result was that the gut microbiota is either beneficial (promotes host performance) or benign (no discernible effect on host performance) but not deleterious to Drosophila reared on the full range of diets tested. The implications are twofold. First, host and microbiota do not compete for dietary nutrients, which would be indicated by the superior performance of axenic Drosophila on certain diets. This suggests that the various diet-derived nutrients are either not utilized by both host and microbiota, or are in sufficient abundance that their consumption by microbiota does not limit host performance. Second, Drosophila is not dependent on its microbiota for normal physiological function, which would be revealed as the superior performance of conventional Drosophila on all diets. Instead, the microbiota particularly promoted Drosophila performance on diets of low or unbalanced nutrient content, indicating that the association has a nutritional basis. Our analysis implicated the microbiota in B vitamin nutrition, protein nutrition and energy storage, and we discuss these three nutritional processes below.
On the most unbalanced diet tested (25 g yeast and 200 g glucose l −1 ), the microbiota spared the Drosophila requirement for the B vitamin riboflavin. Our results differ from previous reports implicating the microbiota in folic acid provisioning (Blatch et al., 2010; Piper et al., 2013) , and the discrepancies may reflect detailed differences in the diets used in the different studies. For example, we may not have obtained a statistically significant effect of folic acid omission on axenic Drosophila performance because the dietary yeast used in this study may have had higher concentrations of folic acid than the yeast used in previous studies. In broad terms, these findings for Drosophila are congruent with evidence that various animals, including other insects and mammals, bear bacteria that are capable of synthesizing B vitamins and contribute to the vitamin nutrition of their host (Akman et al., 2002; Goodman et al., 2009; Hill, 1997; LeBlanc et al., 2013; Roscoe, 1931; Wu et al., 2006) . Riboflavin deficiency in axenic Drosophila is predicted to have far-reaching nutritional and metabolic consequences, contributing to explanations for multiple phenotypic traits of these flies. Riboflavin is metabolized to flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) via riboflavin kinase and FAD synthetase, respectively, both of which are coded by the Drosophila genome. FAD and FMN are the defining required cofactors for all flavoproteins, with crucial roles in energy metabolism (e.g. in the respiratory electron transport chain, decarboxylation of pyruvate, and fatty acyl CoA dehydrogenase in fatty acid oxidation) and redox reactions, including reduction of oxidized glutathione (GSSG) to the reduced form (GSH), and are also crucial for animal-mediated synthesis of the active forms of other B vitamins, specifically the transformation of folate (vitamin B9) to 5-methyl-tetrahydrofolate, and conversion of pyridoxal (vitamin B6) to pyridoxal phosphate (McCormick, 2012; Powers, 2005) . Riboflavin deficiency and the consequent reduced availability of other cofactors may contribute, 2.0 25 g l -1 25 g l -1 50 g l -1 50 g l -1 100 g l -1 100 g l -1 200 g l -1 200 g l -1 A D E F l -1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 Male 25 g l -1 25 g l -1 50 g l -1 50 g l -1 100 g l -1 100 g l -1 200 g l -1 200 g l -1 25 g l -1 25 g l -1 50 g l -1 50 g l -1 100 g l -1 100 g l -1 200 g l -1 200 g l -1 25 g l -1 25 g l -1 50 g l -1 50 g l -1 100 g l -1 100 g l -1 200 g l -1 200 g l -1 25 g l -1 25 g l -1 50 g l -1 50 g l -1 100 g l -1 100 g l -1 200 g l -1 200 g l -1 25 g l -1 25 g l -1 50 g l -1 50 g l -1 100 g l -1 100 g l - Table S1B. for example, to the depressed metabolic rate (Ridley et al., 2012) and elevated lipid content (Newell and Douglas, 2013 ) (this study) of axenic Drosophila.
A reduced protein content of axenic flies was found with most diets for females and with diets of high glucose content in males. The protein content of conventional flies may be protected by digestion of protein-rich microbial cells or by the specific release of certain amino acids from members of the microbiota; both processes are known in other animal-microbial symbioses (Douglas, 2010) . Additionally or alternatively, the bacteria may modulate host regulation of nutrient allocation such that the protein content is maintained, even on unbalanced diets. The importance of the microbiota-dependent protection of protein content underlines the central role of protein homeostasis to the nutritional health of animals. In particular, the defense of the protein content has been implicated in apparently maladaptive responses of animals to unbalanced diets, such that animals raised on high energy/low protein diets tend to overfeed to obtain sufficient protein, resulting in the accumulation of excess energy storage and obesity. However, this process, known as protein leverage of obesity (Simpson and Raubenheimer, 2005) , cannot readily account for the high energy storage of axenic Drosophila because the elevated lipid content is associated with reduced feeding (Fig. 4) . It is more likely that the microbiota-dependent protein nutrition in Drosophila is linked to microbiota-dependent insulin signaling in Drosophila (Shin et al., 2011; Storelli et al., 2011) . Specifically, insulin signaling is generally stimulated by protein nutrition (Prentki et al., 2013) , raising the possibility that the promotion of Drosophila protein nutrition by the microbiota may contribute to the microbial stimulation of insulin signaling. Also, depressed insulin signaling in axenic flies is predicted to increase gluconeogenesis from the breakdown products of protein-derived amino acids, resulting in protein wasting and reduced protein content of the flies.
The axenic flies displayed hyperlipidemia and hyperglycemia, as is found in conventional Drosophila only on diets of exceptionally high carbohydrate content (Musselman et al., 2011; Na et al., 2013) . This effect was particularly pronounced in axenic flies of low body mass, which occurred on diets of low yeast content. Larval growth and adult size are likely limited by dietary protein on low yeast diets (yeast is the sole source of protein in the diets used in this study), and this effect would be particularly acute on diets with high glucose content, which tends to depress insect feeding rates (Edgecomb et al., 1994; Lee et al., 2008 ) (this study). The bacterial sparing of dietary protein would protect the mass of conventional Drosophila on diets of low yeast/high glucose content. The disproportionately high lipid and carbohydrate content of axenic flies may also be attributed to the absence of metabolic activity from the gut bacteria. The dominant gut bacteria (Acetobacteraceae and Lactobacillales) in Drosophila are capable of utilizing glucose, raising the possibility that they reduce the glucose concentration in the food ingested by conventional flies, and hence energy intake per unit food consumed, relative to axenic flies on the same diet. In addition (as considered above), the supply of riboflavin by the bacteria would buffer conventional flies on low yeast diets against impaired energy metabolism, arising from reduced activity of FAD/FMN-dependent enzymes in lipolysis, energy metabolism and redox reactions.
Intriguingly, this effect is the reverse of observations on germ-free mice, which are significantly leaner than conventional mice (Bäckhed et al., 2004) . The difference between conventional and germ-free mice can be attributed to microbiota in the mammalian colon that ferment complex polysaccharides to short chain fatty acids, thereby enhancing the caloric content of the food ingested by these hosts by up to 10-20% (Smith et al., 2007) . If the microbiota (1, 25 g l -1 ; 2, 50 g l -1 ; 3, 100 g l -1 ; 4, 200 g l -1 ) 1 25 g l -1 50 g l -1 100 g l -1 200 g l -1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 25 g l -1 50 g l -1 100 g l -1 200 g l -1 in Drosophila, similarly, degraded complex polysaccharides [which dominate the carbohydrate content of yeast (Suomalainen and Pfaffli, 1961) ] to simple sugars or organic acids that are utilized by the fly, we would predict reduced energy storage in axenic flies. Our evidence that microbial metabolism does not enhance the availability of dietary carbon to Drosophila points to an important difference between the host-microbiota relationship in mammals and Drosophila. Although eliminating the microbiota has reverse effects on lipid/carbohydrate storage in Drosophila and mouse, the axenic Drosophila is reminiscent of mouse models with microbiota perturbed by mutation or sub-therapeutic antibiotic treatment (Cho et al., 2012; Vijay-Kumar et al., 2010) . This raises the possibility that microbial perturbation elicits a global metabolic response that includes reduced energy storage and is conserved between Drosophila and mammals. This effect would be masked in mammalian hosts by microbial fermentation, which enhances the caloric value of food for conventional animals.
We have, additionally, found that the microbial effects on Drosophila are not uniform between males and females, indicating that aspects of the interaction between the microbiota and the host metabolic program are sex specific. To our knowledge, the microbiota has not been considered previously in the many demonstrations of between-sex differences in Drosophila metabolism and metabolism gene expression patterns (Ayroles et al., 2009; Bauer et al., 2006; Bharathi et al., 2003; Greenberg et al., 2011; Jumbo-Lucioni et al., 2010; Lushchak et al., 2014; Scheitz et al., 2013) , although there is evidence for sex-specific impacts of the microbiota on metabolic traits of the mouse (Markle et al., 2013) . The processes contributing to interactions between the microbiota and host metabolism are likely multiple and interactive. The host signaling pathways regulating metabolism of males and females may respond differently to microbial products and their absence; and the metabolic traits of the microbiota may be influenced by the many metabolic and other physiological differences between the sexes, especially the nutritional demand in females for egg production.
In conclusion, this study has identified a set of host-microbe interactions that shapes the metabolic phenotype of Drosophila: specifically, microbial provisioning of B vitamins and protein, and microbial modulation of lipid/carbohydrate allocation. Our analysis, based on comparisons between conventional and axenic hosts, provides the essential framework for future investigations of metabolite exchange between the partners and microbial engagement with the signaling networks that regulate metabolic flux and nutrient allocation.
MATERIALS AND METHODS
The insects and diets
A culture of Wolbachia-free Drosophila melanogaster strain Canton S was maintained in routine culture at 25°C under a 12 h:12 h light:dark cycle on yeast-glucose medium [Y-G, comprising 100 g l −1 glucose (Sigma, St Louis, MO, USA), 100 g l −1 inactive yeast (MP Biomedicals, Santa Ana, CA, USA) and 12 g l −1 agar (MP Biomedicals) and preservatives (0.04% phosphoric acid, 0.42% propionic acid; Sigma)]. The 16 test diets comprised yeast (Y) and glucose (G) at each combination of 25, 50, 100 or 200 g l −1 , giving Y:G ratios ranging from 1:8 to 8:1. For some experiments, casein protein (Sigma) at 78.8 g l −1 final concentration was added to diet containing 25 g yeast and 200 g l −1 glucose, to give protein content equivalent to that of diets with 200 g l −1 yeast (yeast comprises 45% protein). The vitamin supplement to diets comprised thiamine (1.4 mg l −1 ), riboflavin (0.7 mg l −1 ), nicotinic acid (8.4 mg l −1 ), pantothenate (10.8 mg l −1 ), pyridoxine (1.7 mg l −1 ), biotin (0.1 mg l −1 ) and folic acid (9 mg l −1 ), as elsewhere (Sang, 1956; Blatch et al., 2010) . Filter-sterilized supplements were added aseptically to autoclaved diet cooled to 55°C. Experiments were initiated with eggs deposited overnight by mated females, and axenic treatment was obtained by dechorionating eggs in 0.6% sodium hypochlorite flies as described previously (Ridley et al., 2012) . For all experiments, 20 eggs were added to 7.5 ml diet in sterile 50 ml Falcon tubes using aseptic technique in a laminar flow cabinet.
Drosophila performance and metabolic indices
Axenic and conventional flies were raised in five replicate vials (one replicate of every diet formulation on five different days). Vials were monitored daily and larval development time to pupation and eclosion was recorded. For most experiments, the number of individuals surviving to adulthood was scored, but survival to pupation was adopted as the most direct index of larval performance on vitamin-supplemented diets. Experiments were terminated 30 days after egg transfer.
Each sample of five male flies or five female flies at 4/5 days posteclosion was weighed on a microbalance (Mettler, MX5; Columbus, OH, USA) to an accuracy of 1 μg. The sample was then hand-homogenized in 125 μl ice-cold TE buffer (pH 7.4) comprising 10 mmol l −1 Tris, 1 mmol l −1 EDTA and 0.1% Triton-X-100, followed by centrifugation at 7000 g at 4°C for 1 min. A portion (20 μl) of each supernatant was immediately stored at −80°C for analysis of total protein, while the remaining supernatant was heat treated at 72°C for 20 min to inactivate enzymatic activity before analysis of glucose, trehalose glycogen and triglyceride content, and then stored at −80°C prior to analysis. Metabolic assays were conducted in 96-well plates using commercial kits/reagents following manufacturers' instructions, as described previously (Ridley et al., 2012) : the DC Protein Assay kit (Bio-Rad, 500-0116; Hercules, CA, USA), Triglyceride Assay kit (Sigma, TG-5-RB), and Glucose (GO) Assay kit (Sigma, GAGO20) for glucose, and for trehalose and glycogen after treatment with trehalase (1 U ml −1 , Sigma, T8778) or amyloglucosidase (2 U ml −1 , Sigma, A7420), respectively, at 37°C for 1 h. All colorimetric readings were obtained using a microplate spectrophotometer (Bio-Rad, xMark) with standards, and the nutritional indices are expressed as μg mg −1 body mass.
Feeding assays
All feeding assays were initiated 6 h after onset of the light period. For shortterm feeding trials, 110 flies of each treatment (diet, sex and conventional/axenic) were anesthetized by CO 2 and sorted into 11 vials of 10 flies, and then starved for 2 h. Ten groups of flies were transferred to diet labeled with a blue dye (0.5% Xylene Cyanol and 0.1% Bromophenol Blue) and one group was transferred to dye-free diet as a control. After 30 min, the flies were frozen at −80°C until analyzed. Samples of frozen flies were thawed for 2 min, rinsed gently in water, and the number of flies that had fed, as indicated by blue dye in the abdomen, was scored by examination under a dissecting microscope (7×). Each sample of fed flies was then homogenized in 100 μl TE buffer (10 mmol l −1 Tris, 1 mmol l −1 EDTA and 0.1% Triton-X-100, pH 7.4) with 1.4 mm ceramic beads (MP Biomedicals) in FastPrep-24 Instrument (MP Biomedicals) for 1 min, diluted with an additional 500 μl TE buffer and centrifuged at 7000 g for 3 min. The absorbance of the supernatant were measured at 614 nm using a microplate spectrophotometer (Bio-Rad, xMark). Absorbance values were transformed to μg food ingested per fly, by reference to a standard curve generated with dilution series of the dye (0-200 ng dye ml −1 ).
To quantify food consumption over long periods, the capillary feeder (CAFÉ) system of Ja et al. (Ja et al., 2007) was used. Liquid food (100 g yeast extract and 100 g glucose l −1 sterile water) was delivered to 18 replicate groups of five, 5 day old adult flies of each sex in 5 μl microcapillary tubes (Drummond Microcaps, Drummond Scientific, Broomall, PA, USA). Food consumption over 48 h was quantified as the change in height of the liquid column in the microcapillary tube, after subtraction of the height difference of control vials containing no flies.
Data analysis
All data were analyzed in R (version 2.15.1). Data were fitted to the threeway interaction of dietary glucose, dietary yeast and microbiota treatment, with experimental replicate as a random effect. Dietary yeast and glucose content were log 2 transformed for analysis of development, as this transformation yielded a better model fit. Development data were analyzed by fitting a mixed-effects log-rank (frailty) model from the coxme library. In all analyses, triglyceride content was square-root transformed and the 30 min feeding rate was log transformed to achieve normal distributions. The mass, nutrient content and food uptake over 30 min of the flies were first analyzed with linear mixed-effects models using the lme function from the nlme library. Analyses of energy stores yielded congruent results, and so the glucose, trehalose, glycogen and triglyceride content were reanalysed together, using a multivariate linear mixed model. PCA was performed using prcomp.
